We report on the experimental realization of dielectric-metal core-shell resonators with a nearly perfect metal shell layer by physically depositing metal onto the self-supporting dielectric colloids. Sharp electric and magnetic-based cavity plasmon resonances are experimentally observed, whereas increasing the metal shell thickness increases their Q-factors while narrowing their linewidths. In particular, a high Q-factor up to $100 with a correspondingly narrow linewidth down to $12 nm is experimentally obtained at a dipolar magnetic cavity plasmon resonance.
Simulations and analytical Mie calculations show excellent agreements with the experimental results and demonstrate strong optical field confinement of such three-dimensional resonators. Metallic nanostructures supporting collective electron excitations, known as surface plasmons (SPs), have the ability to concentrate light into subwavelength volumes and produce highly localized fields, which enables their use in a wide range of nanophotonics technologies and devices. 1, 2 The low quality factors (Qs) of plasmon resonances, however, severely hamper their applications such as biosensors and plasmon rulers, [2] [3] [4] where sharp spectral responses with high quality factors are much desired. Recently, the Fano interference between subradiant and superradiant plasmon modes has been suggested as a promising technique to improve the Q (narrow the linewidth) of plasmon resonances. 2, 5, 6 However, even with such metallic Fano-resonant systems, the experimentally achievable Q is limited to the order of 10. 2, 4 Although periodically patterned metal nanoparticles have been reported to show sharp Fano resonances with linewidths down to 5 nm, they are based on diffractive coupling mechanism, which requires a near-perfect periodic arrangement of the nanoparticles and is extremely sensitive to the incident angles. 7, 8 More recently, hybrid plasmonphoton resonances with high Q values in the thousands have been theoretically predicted in metal-coated whispering gallery mode (WGM) microcavities such as hollow silver tubes and silver-coated microtoroids. 9, 10 Although there have even been experimental demonstrations based on silver-coated microdisks or microbottle resonators, 11, 12 but their dimensions corresponding to those of the WGM dielectric microcavities are inevitably much larger than the wavelength of the incident light. 13 Dielectric-metal core-shell resonators (DMCSRs) are versatile structures in nanophotonics because they have been predicted to support both sphere and cavity plasmons. 14 Previous experimental investigations of DMCSRs mainly focus on the spectrally broad sphere plasmons within the quasistatic limit. [15] [16] [17] [18] Although the hybridization between the sphere and cavity plasmons has been exploited to explain the effect of the core-shell aspect ratio or the symmetry breaking on the sphere plasmons, 19, 20 the cavity plasmon itself is hardly observed in these experiments because it only couples weakly with the incident light under the quasistatic limit and may suffer a further damping from the interband transitions in metals. 16 When the core size is increased beyond the quasistatic regime, it has been theoretically predicted that cavity plasmons with narrow linewidths can interact strongly with the incident optical field because of the phase retardation effect 21 and can give rises to Fano resonances to maintain the high quality factors of the cavity plasmons. [22] [23] [24] However, due to the particular challenge in the wet-chemistry based preparation of core-shell structures with a relatively large (comparable to the resonance wavelength) dielectric core and a perfect (dense, smooth, and complete) metal shell layer, 19, [25] [26] [27] the sharp cavity plasmons and its induced Fano resonances in DMCSRs have not been experimentally demonstrated. 14, [21] [22] [23] [24] In this letter, we report on the realization of spherical DMCSRs with a nearly perfect metal shell by physically depositing silver films onto the both sides of self-supporting polystyrene (PS) colloids. The prepared DMCSRs are experimentally demonstrated to be capable of supporting high-Q magnetic and electric-based cavity plasmons at free-space wavelengths longer than their physical dimensions. As the silver shell thickness goes beyond its skin depth, the Q-factors are improved to $30 for the observed electric cavity plasmons, and as high as $100 for a dipolar magnetic cavity plasmon resonance with a corresponding linewidth $12 nm, which is almost an order of magnitude higher than the previously reported Q-factors of $10 in Fano-like resonances supported by the individual plasmonic nanostructures. 2 Our experimental findings are supported by excellent agreements with simulations and analytical calculations, which also reveal a strong 3D confinement of resonant optical fields within the dielectric core. These DMCSRs could open a pathway for realizing ultrasensitive bio-sensors, lasing, and nonlinear optical devices with a high-performance.
To prepare the nearly perfect DMCSRs, a simple twostep approach is developed and illustrated schematically in Fig. 1(a) . In the first step, a monolayer of monodisperse PS spheres with a diameter of D % 1.0 lm is first self-assembled on the water surface using a modified Langmuir-Blodgett method, 28 and then transferred onto a substrate with tens of micrometer-sized through-holes to form self-supporting PS colloids by exploiting the strong interparticle van der Walls interactions and the interactions between the particles and the grid substrate as well [ Fig. 1(b) ]. Note that the existence of the through-holes ensures the accessibility of both the upper and lower half surfaces of the PS colloids during the subsequent deposition process. In the second step, thin metal films with an identical thickness (t) are successively plasma sputtered onto the upper and lower half-surfaces of selfsupporting PS colloids to wrap a nearly perfect metal shell layer around each colloid. Figure 1 (c) shows a top-view scanning electron microscopy (SEM) image of the resultant DMCSRs with a shell thickness of t $ 30 nm. The coated silver shell is nearly complete, except that nano-windows with an opening angle of $20
are present in its equator region where the original PS colloids touch each other [the inset of Fig. 1(c) ]. The nano-windows can be used to easily introduce specimen or integrate functional materials (e.g., gain materials) into the resonators for future sensing or nanolasing applications. It is also worth noting that our method can be used to create core-shell structures with various core sizes consisting of virtually any metal and dielectric materials.
The optical properties of the DMCSRs are characterized using a Fourier-transform infrared (FTIR) spectrometer, in which a quasi-collimated white light beam passes through a linear polarizer and is slightly focused onto the samples with an off-axis parabolic mirror [ Fig. 2(a) ]. The zeroth-order extinction (1-transmission) spectra of the prepared DMCSRs with a shell thickness t ¼ 30 nm are first measured at normal incidence for three different electric field orientation angles u ¼ 0 , 45 , and 90 . Figure 2 (b) presents that the results are almost exactly the same regardless of the incident electric field orientations. The most remarkable spectral features are the four distinct resonances marked as I, II, III, and IV, locating at the wavelengths of k % 1970, 1350, 1130, and 1080 nm, respectively. Our previous theoretical studies have demonstrated that a periodic array of DMCSRs can support cavity, sphere, and pore-like plasmon modes in the zeroth-order wavelength region. 22 The sphere and pore-like plasmon modes are sensitive to the dielectric permittivity of the surrounding medium, because their surface charges are predominantly located on the outer surface of the shell. 22, 29 On the contrary, the cavity plasmon modes are associated with the surface charges on the inner surface of the shell and are therefore sensitive to the dielectric constant of the dielectric core. 22, 29 Based on such different dependencies, it is easy to distinguish the cavity plasmon modes from the sphere and pore-like counterparts. For this purpose, an extra layer of silicon with different thicknesses is deposited on the outer surface of the as-prepared DMCSRs. Figure 2(c) shows that the extinction spectra measured for the DMCSRs with such silicon layer. The four resonances are still clearly visible and maintain their original resonance wavelengths, which is consistent with predictions that the cavity plasmons should be insensitive to the surrounding medium, 22, 29 and therefore provides a strong evidence that the observed resonances are due to the cavity plasmon modes. In addition, the coated silicon film (and thus the increased dielectric constant of the surrounding medium) can result in the expected red-shifts of the sphere plasmon modes 22, 29 and consequently alter coupling between cavity and sphere plasmon modes, [22] [23] [24] which make the resonance II narrower and the resonances III and IV shallower [ Fig. 2(b) ] compared with the original resonances in the as-prepared DMCSRs [ Fig. 2(a) ].
In order to identify the observed resonances, numerical simulations are conducted using the three-dimensional finiteelement-method (FEM) software COMSOL Multiphysics. Figure 3(a) shows the extinction spectra calculated at normal incidence for different electric field orientation angles corresponding to the experimental conditions applied in Fig. 2(b) . The simulated domain is a cuboid containing one complete and four separate one-quarter of the DMCSRs with the geometrical parameters estimated from Fig. 1(c) , and its four sides (xz-and yz-planes) are applied with periodic boundary conditions [inset in Fig. 3(a) ]. The refractive index of PS is assumed to be 1.59, and the permittivity of silver is taken from the experimental data by Johnson and Christy. 30 The simulated results show an excellent agreement with our measurements, faithfully reproducing the main features of the measured spectra. Furthermore, our simulations also yield the spatial distributions of the field intensity (normalized by the incident electric field intensity) for each resonance wavelength at u ¼ 0 , as summarized in Figs. 3(b)-3(f). The single-[ Fig. 3(b) ], four-[ Fig. 3(c) ], and sixlobed [ Fig. 3(d) ] electric field intensity distributions within the dielectric core reveal that the resonances I, II, and IV correspond to the excitations of the electric dipolar, quadrupolar, and octupolar cavity plasmons in the DMCSRs, respectively. Interestingly, the electric field for the resonance III is found to be circulated inside the dielectric core [ Fig.  3(e) ], and the magnetic field is highly concentrated at the center of the core [ Fig. 3(f) ]. Such electric and magnetic field distributions imply that the resonance III is related to the excitation of magnetic-based dipolar cavity plasmon mode. Furthermore, optical fields at each cavity plasmon resonance are mostly confined within the dielectric core, confirming strong light confinement capabilities of the DMCSRs.
The observed cavity plasmons can be further analyzed using Mie theory, 31 due to their highly localized nature [ Figs. 3(b)-3(f) ]. Figure 4(a) shows the analytically calculated total extinction efficiency of an isolated DMCSR, and again the measured extinction spectrum for comparison. In the calculations, the DMCSR is simplified to a 980-nmdiameter PS sphere concentrically surrounded by a uniform 21-nm-thick silver shell, while all the dielectric constants remain the same as in the simulations. Figure 4(a) shows that there is a very good one-to-one correspondence between experimental (red line) and theoretically predicted resonances (blue line). One of the main advantages of the analytical Mie solution is its ability to decompose the obtained spectra into separate multipolar contributions, characterized by electric (a l ) and magnetic (b l ) scattering coefficients, where l is the index of angular momentum. 31 Figure 4 In the following, we demonstrate that increasing the silver shell thickness is an efficient way to reduce the linewidths, and correspondingly increase the Q-factors of cavity plasmons. Figure 5 to the stronger confinement of the cavity plasmon modes at larger shell thickness. 21 To precisely describe this resonance narrowing effect, the measured extinction spectrum is fitted in the vicinity of each resonance using a Fano formula FðeÞ ¼ r bg þ r 0 ðe þ qÞ 2 =ð1 þ e 2 Þ, where r 0 and r bg are the normalized and background extinction, q is the asymmetry parameter, and e ¼ 2ðk À k res Þ=C with k res and C being the position and linewidth of cavity plasmon resonance, respectively. 23 The inset in Fig. 5(a) shows an example of such a Fano fitting for the resonance TE by electron scattering in the thin metal shell, the PS core size distribution, and the roughness of the deposited silver shell layer, both the observed and predicted resonances follow the same trends of linewidth narrowing and improvement in Q-factors with increasing the silver shell thickness. Figures  5(b) -5(e) also show that as the shell thickness increases beyond the optical skin depth of $30 nm for silver the observed linewidth narrowing and Q-factor improvement begin to converge as the additional can no longer increase the optical field confinement. 21 Furthermore, compared with the electric cavity plasmons, the magnetic cavity plasmon resonance is found to have a much narrower linewidth and a higher Q-factor, because it produces relatively smaller field enhancements near the inner surface of the shell [Figs.  3(b)-3(f) ], and thus there are less power penetration into the silver walls. For example, when the silver shell thickness is increased to t ¼ 60 nm, the experimentally achieved Q-factor is improved to 20-30 (the linewidth is narrowed to 36-84 nm) for the electric cavity plasmons TM In summary, high-quality DMCSRs with nearly perfect metal shells are realized by physically depositing metal onto a self-supporting monolayer of dielectric colloids. Sharp Mie cavity plasmons with narrow linewidths down to $12 nm and high Q-factors up to $100 are experimentally observed. Numerical simulations and analytical calculations reproduce the experimental results very well and reveal that the cavity plasmons supported by the DMCSRs have an ability to provide strong three-dimensional confinement of optical fields. Such desirable characteristics coupled with the ease of fabrication make the DMCSRs suitable for applications such as ultrasensitive bio-sensors, 20 low-threshold lasing, 32 slowlight, and nonlinear optical devices. 
